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ANNUAL PROGRESS REPORT

Grant#: N0001491-J-1956 R&T Code: 5400067fel04
PRINCIPAL INVESTIGATORS: Dr. James G. Fujimoto and Dr. Christopher

Stanton
INSTITUTION: Massachusetts Institute of Technology and University of Florida

GRANT TITLE: Femtosecond Studies of Carrier Dynamics in Compound Semi-
conductors

REPORTING PERIOD: 1 January 1993 - 31 May 1994
AWARD PERIOD: 1 March 1991 - 31 March 1994

OBJECTIVE: The objective of our program is to develop and combine state of
the art femtosecond measurement techniques with advanced solid state theoretical
techniques to study carrier dynamics in semiconductors.

APPROACH: This program is a collaborative effort between investigators at the
Massachusetts Institute of Technology and the University of Florida. Experimental
efforts at MIT focus on the development and application of new femtosecond tech-
niques for measuring ultrafast processes in compound semiconductors and devices.
Studies include investigation of both nonlinear index and absorption and gain dy-
namics in bulk semiconductors and devices. The work - t the University of Florida
focuses on developing new approaches for studying ultrafast carrier dynamics of
carriers in semiconductors and predicting transient behavior as it impacts on de-
vice performance. Investigations use full band structure calculation combined with
techniques for numerically solving the Boltzmann and quantum transport equations
for both electron and hole distributions. Because the dynamics of excited carriers
in semiconductors is extremely complex, detailed theoretical studies are required to
extract fundamental information on cacrier dynamics from experimental measure-
ments or to predict transient behavior.

ACCOMPLISHMENTS (last 12 months): During the past contract year, we have
developed a new technique for performing independent multiple wavelength pump
and probe measurements in waveguide devices. This approach is based on the use
of a Kerr lens modelocked Ti:Al,O3 laser combined with spectral pulse shaping
techniques and heterodyne detection. This technique is extremely powerful because
it permits the energy relaxation dynamics of carriers to be studied in waveguide
devices. We have performed the first studies of femtosecond carrier heating and
spectral hole buring in strained layer InAs/AlGaAs laser diodes.

Studies at the University of Florida have focused on theoretical techniques for in-
terpreting experimental results and unifying experiment and theory. We have devel-
oped band structure calculations for strained layer systems and a Runge Kutta nu-
merical technique for solving 2 symmetrized Boltzman transport equation to predict
measurements of pump and probe gain and absorption dynamics in InAs/AlGaAs
strained layer diodes.

We have also studied the theoretical electronic, optical and transport proper-
ties of Si quantum wires, using a second nearest neighbor tight-binding calculation
coupled with a coupled multi-band Boltzmann transport equation. These investi-
gations are motivated by the recent observations of high efficiency luminescence in
porous silicon and its implications for visible display technologies. We find that in
the quantum wires, the band structure becomes pseudo-direct, and when excitons
are included in the calculation, the oscillator strengths can become comparable
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to GaAs. Transport calculations show that electron and hole mobilities increase
linearly with cross sectional wire size.

theoretical approaches which are pursued in this program can be used to provide
fundamental information about the physics of excited carriers in semiconductors
and how they impact on electronic an optoelectronic device performance. Strained
layer devices are especially interesting because they extend the wavelength range
of laser diodes and reduce the hole band degeneracy to yield lower threshold laser
operation. Studies of carrier relaxation mechanisms have a direct bearing on gain
and absorption dynamics in laser diodes where perturbations of quasithermal carrier
processes produce changes in gain and index in high speed modulation.

WORK PLAN: During the continuation of this contract, we will continue stud-
ies in strained layer InGa/AlGaAs materials and devices. Our objective will be to
develop an understanding of both nonlinear gain and index effects from an experi-
mental as well as a theoretical perspective. The implications of fundamental carrier
dynamics processes for high speed device behavior will be investigated. We will
also extend studies to other materials systems at different wavelengths including
the GalnAsSb/AlGaAsSb materials in the 2 micron region as well as II-VI materi-
als. Working in collaboration with investigators at the Vanderbilty Free Electron
Laser Center, we will investigate nonlinear index effects in narrow bandgap semi-
conductors.

PUBLICATIONS AND ABSTRACTS (last 12 months):

1. C.-K. Sun, B. Golubovic, H. K. Choi, C. A. Wang, and J. G. Fujimoto, “Hetero-
dyne non-degenerate pump-probe measurement technique for guided wave devices,”
Opt. Lett., submitted for publication.

2. D. W. Bailey and C. J. Stanton, “Calculations of ultrafast differential transmis-
sion in germanium,” Phys. Rev. B, submitted for publication.

3. A. V. Kuznetsov and C. J. Stanton, “Coherent phonon oscillations in semicon-
ductors,” Phys. Rev., submitted for publication.

4. G. D. Sanders, C.-K. Sun, J. G. Fujimoto, H. K. Choi, C. A. Wang, and C.
J. Stanton, “Carrier gain dynamics in InGaAs/AlGaAs strained-layer single-well
diode lasers: Comparison of theory and experiment,” Phys. Rev. B, accepted for
publication.

5. B. B. Hu, A. S. Weling, D. H. Auston, A. V. Kuznetsov, and C. J. Stanton, “DC
electric field dependence of THz radiation induced by femtosecond optical excitation
of bulk GaAs,” Phys. Rev. B 49, 2234 (1994).

6. C. S. Kim, A. V. Kuznetsov, and C. J. Stanton, “Theory of the generation of
carriers in ultrafast photoexcitation experiments in semiconductors,” Semicond. Sc.
Technol. 9, 436 (1994).

7. C.-K. Sun, F. Vallée, L. Acioli, E. P. Ippen, and J. G. Fujimoto, “Femtosecond
investigation of electron thermalization in gold,” Phys. Rev. B 48, 365-368, October
1993.

8. L. Acioli, M. Ulman, F. Vallée, and J. G. Fujimoto, “Femtosecond carrier dy-
namics in the presence of a cold plasma in GaAs and AlGaAs,” Appl. Phys. Letts.
63, 666-668, August 1993.

9. C. K. Sun, H. K. Choi, C. A. Wang, and J. G. Fujimoto, “Femtosecond gain dy-
namics in InGaAs/AlGaAs strained-layer single-quantum-well diode lasers,” Appl.




Phys. Letts. 63, 96-98, July 1993.

10. M. Ulman, D. W. Bailey, L. H. Acioli, F. G. Vallée, C. J. Stanton, E. P. Ippen,
and J. G. Fujimoto, “Femtosecond tunable nonlinear absorption spectroscopy in
AlpGaggAs,” Phys. Rev. B 47, 10267-10278, 15 April 1993.

11. C. K. Sun, H. K. Choi, C. A. Wang, and J. G. Fujimoto, “Studies of carrier
heating in InGaAs/AlGaAs strained-layer quantum-well diode lasers using a mul-
tiple wavelength pump probe technique,” Appl. Phys. Letts. 62, 747, February
1993.

12. G. D. Sanders, C. J. Stanton, and Y. C. Chang, “Theory of transport in silicon
quantum wires,” Phys. Rev. B 48, 11 067 (1993).

13. A. V. Kuznetsov and C. J. Stanton, “Ultrafast optical generation of carriers in
a DC electric field: transient localization and transient photocurrent,” Phys. Rev.
B 48, 10 828 (1993).

14. C. J. Stanton and D. W. Bailey, “Coulomb enhancement of the above-band edge
pump-continuum probe spectroscopy,” Phys. Rev. B 47, 1624-1627, Jan. 1993.

15. E. Westwig, F. Wise, D. Bailey, and C. J. Stanton, “Effects of band-gap renor-
malization on relaxation of hot electrons studied with 15 fs resolution,” International
Quantum Electronics Conference (IQEC’94), Anaheim, CA, May 8-13, 1994.

16. C.-K. Sun, B. Golubovic, H. K. Choi, C. A. Wang, G. D. Sanders, C. J. Stan-

ton, and J. G. Fujimoto, “Femtosecond spectral hole burning in InGaAs/AlGaAs

strained-layer single-quantum-well diode lasers,” Technical Digest of the Ultrafast

g‘ggmmena Ninth International Meeting, Dana Point, CA, May 1-5, 1994, paper
2-1.

17. C. J. Stanton, “Theory of the generation and detection of carriers in ultrafast
optical experiments,” APS Meeting, Pittsburgh, PA, March 1994.

18. A. V. Kuznetsov and C. J. Stanton, “Microscopic theory of coherent optical
phonon generation in semiconductors,” APS Meeting, Pittsburgh, PA, March 1994.

19. D. G. Kobzev, V. N. Nicopolous, and C. J. Stanton, “Thermalization of nonequi-
librium electrons near the Fermi-surface in gold,” APS Meeting, Pittsburgh, PA,
March 1994.

20. G. D. Sanders, C. J. Stanton, C.-K. Sun, J. G. Fujimoto, H. K. Choi, and C. J.
Stanton, “Theory of the femtosecond gain dynamics in InGaAs/AlGaAs strained-
layer quantum well lasers,” APS Meeting, Pittsburgh, PA, March 1994.

21. J. Z. Li, G. D. Sanders, and C. J. Stanton, “Quantum confinement with full
zone k - p bandstructure,” APS Meeting, Pittsburgh, PA, March 1994.

22. C. J. Stanton, “Ultrafast spectroscopy in semiconductors for probing transport
and electronic structure,” 1994 Sanibel Symposium, Sanibel, FL, February 1994.

23. C. J. Stanton and A. Kuznetsov, “Transient photocurrent and transient local-
ization of carriers under ultrafast opotical excitation,” ONR Workshop on the Free
Electron Laser Program, Vanderbilt, TN, October 1993.

24. C. S. Kim, A. V. Kuznetsov, and C. J. Stanton, “Theory of generation and
detection of carriers in ultrafast photoexcitation experiments in semiconductors,”
Hot Carriers in Semiconductors VIII, Oxford, UK, August 16-20, 1993.

25. A. V. Kuznetsov and C. J. Stanton, “Transient photocurrent and transient lo-
calization of carriers under ultrafast optical excitation,” NATO Advanced Research




Workshop on Coherent Optical Intercations in Semiconductors, Cambridge, UK,
August 11-13, 1993.

26. C. J. Stanton, A. V. Kuznetsov, and C. S. Kim, “Optical generation and de-
tection of carriers in ultrafast pump-probe spectroscopy of semiconductors,” NATO
Advanced Research Workshop on Coherent Optical Intercations in Semiconductors,
Cambridge, UK, August 11-13, 1993.

27. A. V. Kuznetsov and C. J. Stanton, “Ultrafast optical generation of carriers
in semiconductors in a DC electric field,” NATO Advanced Research Workshop on
Coherent Optical Interactions in Semiconductors, Cambridge, UK, August 11-13,
1993.

28. G. D. Sanders, C. J. Stanton, and Y. C. Chang, “Theory of electronic, optical,
and transport properties in silicon quantum wires,” Proceedings of the Interna-
tional Workshop on Light Emission and Electronic Properties of Nanoscale Silicon,
Charlotte, NC, 1993.

29. C.-K. Sun, H. K. Choi, C. A. Wang, and J. G. Fujimoto, “Femtosecond car-
rier dynamics and stimulated transitions induced carrier temperature change in
InGaAs/AlGaAs strained-layer single-quantum-well diode lasers,” Technical Digest
of the Conference on Lasers and Electro-Optics, CLEO’93, Baltimore, MD, May
2-7, 1993, paper CThC2, p. 384.

30. F. Vallée, C.-K. Sun, L. Acioli, E. P. Ippen, and J. G. Fujimoto, “Femtosecond
investigation of electron thermalization in gold,” Technical Digest of the Conference
on Lasers and Electro-Optics, CLEO’93, Baltimore, MD, May 2-7, 1993, paper
QTuF7, p. 69.

31. G. D. Sanders, C. J. Stanton, and Y. C. Chang, “Electronic, transport and
optical properties of 1-D quantum wires: Applications to porous silicon,” Workshop
on Optical Properties of Mesoscopic Semiconductor Structures, Snowbird, UT, April
1993.

32. C.-K. Sun, H. K. Choi, C. A. Wang, and J. G. Fujimoto, “Femtosecond car-
rier dynamics in InGaAs/AlGaAs strained-layer single-quantum-well diode lasers,”
Workshop on Optical Properties of Mesoscopic Semiconductor Structures, Snow-
bird, UT, April 1993.

33. D. G. Kobzev, C. J. Stanton, and B. Y-K. Hu, “The effect of dynamic screening
and nonequilibrium carrier distributions on electron-electron scattering of photoex-
cited carriers,” presented at the March 1993 Meeting of the American Physical
Society.

34. A. V. Kuznetsov and C. J. Stanton, “Theory of transient photocurrent at semi-
conductor surfaces under femtosecond optical excitation,” presented at the March
1993 Meeting of the American Physical Society.

35. G. D. Sanders, “Electronic, optical, and transport properties of silicon quantum
wires— theory,” APS Meeting, March 1993.

36. C. J. Stanton, “Hot electron effects near the semiconductor interface,” 4th
Workshop on BEEM, January 25, 1993, Williamsburg, VA.
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ANNUAL REPORT QUESTIONNAIRE

Principal Investigator: James G. Fujimoto and Christopher Stanton

Institution: Massachusetts Institute of Technology & University of Florida
Project Tide: Femtosecond Studies of Carrier Dynamics in Compound Semiconductors
Number of MFEL supported

Papers published in refereed journals:_10_  (plus 1 accepted, 3 submitted)
Papers or reports in non-refereed publications:_22
Books or book chapters published:___

Number of MFEL supported patents/inventions
Filed:__0

Granted:__0_

Patent name(s) and number(s):

HavVE You Licensep TECHNOLOGIES (E.G., SOFTWARE) THAT WERE DEVELOPED WITH
MFEL SurPPORT? IF SO, PLEASE DESCRIBE ON A SEPARATE SHEET.
No

HAVE You DEVELOPED INDUSTRIAL/CORPORATE CONNECTIONS BASED ON YOUR
MFEL SuPPORTED RESEARCH? IF SO, PLEASE DESCRIBE ON A SEPARATE SHEET.

No
Number of presentations: Torar  MEFEL PrOJECt
Invited: 3
Contributed: 19

Trainee Data (only for those individuals receiving full or partial MFEL support):

TOTAL EEMALE MINORITY NON-US CITIZEN

No. Grad. Students: z - 1 1
No. Postdoctorals: z - - -
No. Undergraduates: 0 - - -

AwaArps/HonNORs To PI AND/ORrR To MeMBERS: OF PI's RESEARCH GROUP (please
describe):

J.F. was promoted to Full Professor; J.F. was selected Program Co-Chair for
1994 International Quantum Electronics Conference and Program Co-Chair for
1996 Ultrafast Phenomena Conference.
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